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This paper describes a new type of surface acous-
tic wave grating resonator in which the particle dis-
placement of the surface wave is parallel to the sur-
By contrast, the now vell-known SAW (Rayleigh
wave  grating resonator has (ts particle displacement
in the saggital plane.

face.,

In the SAW resonator the function of the grating
structure, which consists of efither grooves or wetal
strips, is to provide two highly reflecting Rayleigh
wave mirrors, between which a standing wave is excited
by weans of an {nterdigital transducer. The basic
function of the grating in the horizontal shear (SH)
type of surface wave resonator considered here is quite
different., An SH surface wave cannot exist on a hono-
geneous (unlayeved) substrate in the absence of some
perfodic variation, such as a grating, along the sur-
face. g That (s to say, the surface wave {n this case is
a v(ﬁ:&ltona\ mode of the grating {tself., On the other
hand, the grating is now not required to realize a high-
ly reflecting mivror, because the SH motion reflects
without spurious mode coupling at a traction-free
boundary placed in any symmetry plane of the structure,
For this veason this new type of resopnator promises a
substant{al advantage tn minfaturization compared with
the conventional SAW resonator,

SH surface wave resonators on F2T-8, Y-cut X-pro-
pagating LINbO, and ST quartz have been fabricated and
testod, !xclt}tlon was by means of an interdigital
structure deposited on top of the prating teeth, and
the dimens ions were chosen to give a resonance in the
region of 1 to 2 MHz., The groove depth was in the
range of 0.01", and {t was found that the diamond saw
fabrication techaique used did not provide adequate
precisfon, Consequently the quality factors realized
were low (< 3000), and use of relatively shallower
etched grooves at higher frequencies 1s clearly called
for,

Since a sufffcfent condftfon for the existence of
this type of surface wave (s a periodicity of the con-
ditfons along the surface, another technique for trap-
ping the wave at the surface {8 deposition of an avray
of metal strips,

Key words Resonator, Grating, Horizontal Shear,
Interdigital Transducer, P2T, Lithium Nfobate, Quartz,

Introduction

In an earlier rnperl the existence of a horfron=-
tally polartzed shear (SH) surface wave on a corrugated
substrate was demonstrated by vivtue of the exact ana=
logy between thia elastic wave problem and the corves-
ponding electiomagnetic problem. An extensive litera=-
ture exists for the latter case and the solutioas given
were found to be in good agreement with experfmental ve-
sulte obtalned for ahear surface waws on a corrugated
aluatoun substrate, Obacrvations were made by fabrica-
ting & fintte length of covrugated sviface (or grating)
and weasurfng the tvanamfesfon rvesonances with thick-
neas abear tranaducers bonded to the ends of the finlte
length of grating., The surface nature of the wave wans
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confirmed by measuring gratings on substrates of dif-
ferent depths,

Although previous experiments confirmed the ap-
plicability of the electromagnetic solutfons to the
clastic wave problem, the transducers used excited
both the surface wave of the grating and thickness
waves of the substrate, The mode spectrum was there-
fore cluttered with many spurious responses and en-
tirely unsuitable for resonator applications. The pre-
sent paper describes an fnvestigation of SH aurface
wave resonances on piezoelectric substrates, Efficient
selective excitation of the grating is then achieved by
suitably choosing the substrate orientat fon and deposi-
ting # transducer electrode on top of each tooth, As
will be seen, individual resonant modes of a finite
length of grating may be excited by suitadbly chosiang
the distribution of voltages applied to the electrode
array.

It should be pointed out that the SH surface wave
considered here is lpt%mntrly related to the surface-
skimning shear vave. < The latter wave or, more pro-
perly, vadiatfon pattern consists of a horizontally
polarized shear elastic vibration skioming along the
surface and slowly diffracting into the substrate.
Diffraction losses arec determined by the vertical di-
rectivity of the interdigital transducer (IDT) used
for excitation. Consistent with the analogy of t he IDT
as an end-fire antenna arrvay, the radiation pattern is
sharpened and diffraction losses are reduced by in-
creasing the length of the IDT, Addition of a grating
structure to the surface permits the existence of a
genuinely bound SH wave, which travels at a velocity
slower than that of a bulk SH wave, 1If the IDT {s
suitably designed to synchronize with this bound wave,
as {0 the case of a Rayleigh wave transducer, there
will be esseatfally no diffraction loss into the sub-
strate,

SN Waves on an Infinite Grating

s o ——

One way of picturing an SH grating vibration {a
to imagine it as evolving from the standard tuning
fork resonator shown i{n the upper left of Fig. 1. An
analogous type of tuning fork, {n which the arms move
in face shear, is shown on the right. Stacking of a v
nuber of these resonators {n an array leads to the
tuning fork prating shown at the bottom of the figuve,
fn which the dashed lines ave traction=free surfaces,
The bastc SH grating (Fig. 2) evolves from this as the
dimensfon {s extended to tafinfty along the particle
displacement divection and the {ndividual supports ave {
veplaced by a continuous substrate, With a fixed
tooth spacfng d , the {vequency increases with de-
creasing length of the teeth, just as {n the case of
the oviginal tuning fork., The grating configuration
provides a means for realizing a tunfng fork type of |
resonance at frequencies where a stngle fork becomes
too rmall to fabricate and mount,

Because the spatial perfod of the vibration n
Fig. © {a 24 the displacement fleld {n the substrate ]
can be written aa the Fourfer serfoes shown #n the fig- |
ure, where a fa the anplitude of the 2t Pourter
component and the Y eaxponential coeffici{ent a fe
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telated to the wavelength of a bulk shear wave by the
equation on the line below, It follows fram this that
y {8 1eal wvhen 24 s lesas than & bulk shear vave-
leagth, In this case all of the Fourfer canponents de-
cay exponentially lnto the substrate - that (s, the
wotlon {8 a surface vibrattm bound to the grating,
This atgument does not, of course, prove the existence
of such a vibration, but Ite exiatence has already beoen
demonstiated .\:ulvtlu\lr 'ln the case of the analogous
electromagaet{c prablom, *r

The vibration shown {n Fig., &, which has a phase
shift of n from one grating tvoth to the next (the
n-mode), (s only ocne of many that can exist on this
periodic structure, In the previous discusstion, the
grating was regarded as essentially an infinite arvay
of tuning forka, Alternatively, one may look at the
tecth as an arvay of cantilever supparted (ace shear
plate vibrators that are lightly coupled, one to the
next, through the substrate, The vibration spectrum
consists of a continuous distribution of coupled modes,
analogeus to the modes of a periodically wass-loaded
vibrating string. 1In this case the phase shift frow
section to section (s rvelated to a continuous wave pum=
ber R o= 20/N | which takes the value n/d for the
raode discussed above (Fig. %),

As shown in References b and 5 the velationship
between o and X for this grating surface wave has
the same form as for waves on the perfodically loaded
string. The frequency of the n-mode (k = n/d  (n Fig.
3 cotresponds to the lower edge of the stop band,
Above this frequency the surface wave is nonpropagating
(Or cut=oft), As the Jdepth of the grating grooves (s
decreased, the frequency of the n-wmode increases until
the Voupar line is veached, This corresponds to the
cut face-shunning sheay wave discussed above, 1In the
so-called slow wave reglon below this line the solut{on
is always a surtace wave,

1t should be ewmphasized that very Vittle slowing
is required to produce a well-confined suwiace wave,
A Rayleigh wave, for example, has a phase velocity that
s oonly some five percent bhelow the bulk shear velocity
but is confined to & depth less than a sheay wavelength,
Oae needs, therefore, only a shallow grating to tiap
the SH wave on the surtace.

Finflte Crating Resonatoys
To produce a standing sur face wave resonance the
grating structure must be terminated fn a patr of
olrtor yeflectors, ln the standard SAW yesonator these
alrrors ave vealized by long (several hondved perfods)
prating svvays designed to operate in the cut-off ve~
cton, Yor the SH osurtace wave resonator this (s not
ecessary, A mlrror can be realized by tevminating the
crating fn a saitably located tract ton-free boundary,
In the case ot the =mode this s easily seen by exam-
ming Figo 2, wheve the parvticle displacesent s aloag
and varies with v and 2 . Frowm the symmetvy of
e vibration one has that the displacement u o s
ivimum with respect to the 2 vaviation at the plane
cnoted by s dashed Tine tn the fipmie. This means
that the strafn component 8 avd the stress com
ment T\ are rero on this plane,  Since u is a
snction only of y and 2 the stvess component s
and T, v aleo 3o = fust the conditions re-
cvred tor g tractfon-tree boundary . wlhitch acts as a
tloct mivror, By further synmetiy arpument s one can
Yow that the same boundary condftfons acts ax a4 pet -
cot mirror tor A surtace wave witn any vavenunbey

Figure % pives the pmrofile of an N section ve-
conator eontatned between two such mivior veflectors,
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As (o any standing wave resonance, the resonance con-
ditton tx that the length L be integral number n
of halt vavelengthas or, equivalently, that &k = nn/ND .
For a l0-se.tion renonator there ate therefore ten
moden of vesonance, with trequencies determined from
the diapers.on diagvam by the construction shown on the
figure. A pavticular mode may be excited by applying
the correspondiag distiibution of voltages to the
electrondes located on the tops of the teeth, Our ex-
periments Y ave been performed on the n-mode in which
alternste electrodes ate excited 180% out of phase, as
in & convestional IDT,

We have fabricated and tested three SH grating
tesonacors with groove profile dimensions as glven in
the upper left of Fig. U and resonant frequencies for
the n-mode 1o the range of 1 to 2.% Mz, The resonator
propey is defined by an electroded vegion on the top
surface o/ a grooved block, large enough to siiminate
edge efiects and to permit probing of the vibration
pattern cutside the electrode region by mesns of amall
vubber da-:ing pads. The grooves were fitst cut with
a diavond saw, the top sutface and vellecting edges
were thea polished, the electrodes deposited and the
g0ld wire leads attached,

In these initial experiments no attenpt was made
to polish the inside of the grooves. As will be seen,
this leads to problems with wsonance broadening and
coupling tnto spurious modes due to grating nonunifor-
mity and sutrface roughness, It {s clear that the best
way to gake these stiuctures is by deep etching tech-
niques.t

The frportance of groove depth unftormity (s cleav
from the dispersion cutves fn Fig, 4, where (t {s seen
that the frequency of the m-mode 18 strongly dependent
on the groove depth b . Nomwnidform groeve depth
therefore causes difteveat parts of the grating to ve-
fonate at Jdiftevent frequeacies, This eftect was ob-
served in some of our gratings, wheve the vibration
was foand by mechanical probing to be localized in a
small region of the grating. Tighter tolevances on
the tadrication procedure were found to yeduce this
eftect, 1t appears from these results that the reso-
nance could be contined to a desived repion of the
surtace by deliberately tailoving the depth profile of
the grooves.

Mechantcal problug of the tesonators with small
vubber pads contirmed the surtace wave nature of the
vibration and also demonstrated a laterval continement
of the vibration to the e¢lectroded region, A laterval
decay distance of the otder of 1 cm was ohserved out -
side the clectiroded tegion,  This is due to mass load-
ing by the electrodes, whineh eftectively increoases the
depth 0f the gryooves under the elecirodes,  Because of
this lateral continement transverse modes ave also ob-
setved . as fn standard SAW vesonators,

P2T-8 Covamic Reswonator

The anwert of Fig, % shows a highly schemat{c re-
presentation of the yvesonator geametaiy,  Poling (s {n
the Cirectim andivated by the heavy anvow,  Since (it
i not sossible to pole over a v leapth, the bloack
was fasrccated fvam sin 1O pleces vavefully ground
and hos ed together with epoxy,  No tepoalishing was
pet o < attery savaing the grooves, and the groove
dept was meanured to be approximately tive pevcent
greater at the lett end of the grating than at the
ViRY t. when the two halves of the grating were excited
fodependently, dittevent resonant trequeacies were obs
tataed = as expected, the lower frequency cotvespond-
ing to the larger groove depth,
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Figure 5 shows the measured input impedance char-
acteristics for the entire grating - the small peak at
1.120 MHz corresponding to t he deep end of the grating.
A varfation of groove depth {n the order of five per-
cent corresponds to a frequency variation in the order
of one percent, The estimated resonator Q is of order
200, compared with a mterial Q of order LOO determined
by pulse echo measurements in a large block,

We have also tested the same geometry as a Ray-
leigh wave grating resonator, with the poling in the
vertical direction in Fig. 5. As anticipated the Q is
much lower (of order 50) because traction-free bound-
aries do not act as good mirrors for Rayleigh wave
mot fon,

¥-X Lithium Niobate Resonator

A lithfum niobate resonator was made in order to
more clearly {solate the effects of surface roughness
and resonator geometry on the Q-factor. As shown in
Fig. 6 a resonator of samewhat different dimensions was
made on a single crystal block, using the same fabrica-
tion method, The top surface is Y-orfented and the
grooves are along 2 . By cutting the grooves before
polishing the top surface and finishing afterwards,
grooves with clean upper corners were obtained. They
were, however, very fragile and had to be handled with
great care,

The impedance curve in the figure is for an unsup-
ported sample and exhibits a very dense spectrum of
spurfous bulk modes in the regfon of the main and
transverse surface wave resonances, Appearance of
strong spurious modes only in the region of surface
wave resonance indicates that the spurious coupling is
through mechanical imperfections of the grating and not
directly from the electrodes.

Figure 7 shows, on the same scale, the impedance
characteristics after glueing the ends of the lithium
niobate block. The bulk modes are now strongly sup-
pressed, although some spurious i{s still apparent near
to two transverse resonances on the high frequency side
of the main resonance. There {s now a strong surface
wave resonance with a maximum impedance of 300 kil , and
Figs, 8 and 9 show that the maximun spurious response
over the range from 1 to 7.5 MHz is L k .

Figure 10 gives on a logarithmic scale the de-
tailed impedance response in the vicinity of the re-
sonance and antiresonance points. Because of the
lerge number of spurious modes near the series reso-
nance point, it {s not possible to calculate the Q by
the standard procedure, but it i{s estimated to be not
more than 2000. This very low value {s clearly due to
the energy loss coupled into a large number of bulk
modes and subsequently dissipated in the supports,
Further precision in grating fabrication {s obviously
called for,

ST Quartz Resonator

Figure 11 shows the geometry of a grating resona-
tor on a 39.}0 "ST" quartz plate with the grooves along
the X dircction, Note that the thickness of the sub-
strate {s much less than in the other examples, Al-
though the resonator {s unmovnted the spurious mode
response is small compared with the lithium niobate
case, and the response s clean outside the 10 Kiz fre-
quency range shown,

As in the PZT resonator the low frequency peak is
sttributed to nonuniformity of groove depth, Since
this second peak occurs very close to the main series
rosonance point, it is not possible to arrive at an ac-
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curate evaluation of Q. We estimate a value {n the or-

der of 3000,
Conclusions

In sunmary, we have experimentally verified the
surface character of SH vibrations on deep grating
structures and have measured some of the properties of
grating resonators of this type operating on P2T-8, YX
1{thium niobate and ST quartz in the frequency range of
! to 2 Miz, Q-factors obtained are low, not more than
3000. This is due in part to technical difficulties in
accurately and uniformly fabricating the large grooves
required at these low frequencies and (n part to mode
scattering due to the effect of substrate anisotropy
on the behavior of the traction-free reflector sur-
faces,

The fabrication problems encountered point up the
need to study shallower grating resonators operat ing
at higher frequencies. As pointed out earlier, only
a small amount of slowing is nceded to trap the SH vi-
bration on the surface, and the grooves need only be a
small fraction of a wavelength in depth., Since the
periodicity needed for wawe trapping may also be in-
duced by periodic boundary conditions on the surface,
an attractive alternative is mass-loading or electri-
cal short civcuit strips deposited on the substrate
surface,

The major potential advantage of the SH grating
resonator over the standard SAW structure is in its
small size, Because the grating itself does not serve
as a mirror, only a small number of periods is re-
quired. Also, the presence of a spectrum of resonator
modes that can be selected by appropriate coding of
the applied electrode voltages suggests the possibility
of small multipole monolithic filters at very high fre-
quencies.
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YUNING FORK "GRATING"

INFINITE GRATING ON AN ISOTROPIC SUBSTRATE

+

TUNING FORK RESONATORS

/

FICURE 1. A Conventional flexural tuning fork resonator

fs shown in the upper left and a “fa-e-shear"
analogue in the upper right. The bot om of the
figure shows a prinftive horizintal .hear gra-
ting resonator realized by stacking. "face-shear
tuning forks.

WAVES ON PERIODIC STRUCTURES

-
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FICURE 2. Morizontal shear grating on a semi-infin-
ite substrate. Vibration is in the n-
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FIGURE 3. Typical form of the lowest branch of the dsipersion relation for the horizontal sher grating.
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FIGURE 6. Impedance-frequency response of Yeoriented
X-propagating LINDO, grating resonator,
showing a dense speltrum of spurious bulk
resonances superposed on the main and trans-
surface wave resonances. Area of the elec-
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FICURE 7. Same as Fig. 6, but with ends of the sudb-
strate glued to lucite supports. Note the
two transverse mode resonances, with super—
{mposed spurfous resonances, on the high
frequency side of the main vesonance.
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FIGURE 9. Illustration of the spurious mode response points,
between 1 MHz and 3.5 MHz. Measurements out
to 7.5 MH2 showed a maximum spurious ifmpe-
dance peak of 4k over this frequency range.
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